On the 17 th of June 2017, a massive landslide which mobilized ca. 35-58 million m 3 of material entered the Karrat Fjord in western Greenland. It triggered a tsunami wave with a runup height exceeding 90 m close to the landslide, ca. 50 m on the opposite shore of the fjord. The tsunami travelled ca. 32 km across the fjord and reached the settlement of Nuugaatsiaq 15 with ca. 1-1.5 m high waves, which were powerful enough to destroy the community infrastructure, impact fragile coastal tundra landscape, and unfortunately, injure several inhabitants and cause 4 deaths. Here we report the results of the field survey of the surroundings of the settlement focused on the perseverance of infrastructure and landscape damages caused by the tsunami, carried out 25 months after the event.
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the Nuugaatsiaq located ca. 32 km from the landslide was hit by three 1 -1.5 m high waves, inundating the settlement over a period of ca. 3 minutes. 
Landscape degradation

Soil and tundra cover
The striking feature of the Nuugaatsiaq post-tsunami landscape is a dense and high (0.4-0.6 m) grass that covers a significant part of the settlement. Two years after the event most of the blocks of eroded soil, rafts of tundra, boulders, or litter that were found were almost entirely hidden in a high grass cover (Fig. 2a) . The wave has torn blocks of tundra (shrubs, mosses, grass) off the coastal slope and deposited them on land (Fig. 2 b, c) . We have 85 noticed that a significant removal of tundra cover, soil erosion, and associated formation of rills or small gullies (0.2-0.6 m deep) concentrated on surfaces exposed after the washing away of buildings. Tundra and soil were also eroded along the cliffed coast of the harbour (Fig. 2 d, e ). At a few places along the main road and in the surroundings of the playground the vegetation cover (grasses) was covered by a relatively thin layer of tsunami deposits. In the same area and along the coast salty patches were observed covering the exposed or inundated 90 grounds. After analyzing the video coverage of the event and post-event images (please check list of online resources in references), we assume that some parts of the grass cover were squashed by the fragments of icebergs washed on shore by the wave.
Coastal erosion
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We recognized two main effects on coastal geomorphology induced by tsunami impact. The tsunami erosion was concentrated on the low bluffs of tundra along the coast between narrow beaches (section of the coasts between sites 1-4-5 in Figure 1c ). Eroded blocks of tundra cover were deposited on land (Fig.2b) . The returning wave caused additional erosion of bluffs edges and dissected them by a series of rills/gullies (Fig. 2d ). The direction of the wave flow recorded in the orientation of deposited litter, buildings, marine deposits, boulders,
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and tundra blocks suggest that the wave overwashed the section of settlement between the middle beach (site 4
in Fig. 1c ) and local harbour (site 6 in Fig. 1c ), and modified the relief of cliffs in the harbour. The edges of the sedimentary cliffs were gullied, and the steep cliff slopes are spread with eroded blocks of tundra and litter ( Fig.   2e ). Two years after the event, normal coastal processes (wave and tidal action) did not manage to remove or redistribute the eroded blocks of tundra and litter from the slopes and bases of the cliffs. 
Tsunami deposits and boulders
During the field survey the tsunami deposits were found in two areas located in the direct proximity to small beaches in the central part of settlement (between sites 4 and 5 in Fig. 1c ). Gravel eroded from narrow beaches was deposited along the main road (ca. 30 -50 m from the shore), where the thickness of deposits exceeds 8-10 110 cm ( Fig. 3 a,b ). Thin tsunami deposits (modified by snow-melt flow tsunami deposits accumulations) ( Fig. e, f) were found in the lowland (playground area) between site 4 and 6 (see Fig. 1c ). The general scarcity of tsunami deposits can be explained by the geomorphology of the local coastal zone, dominated by sediment-free rocky capes and coves with narrow (7-20 m wide), gravel-dominated beaches (Fig 2 d,e ). Apart from gravel deposits washed from local beaches waves transported boulders which were found in the inundated terrain in 2 main vegetation cover. In a few places we found pats of marine gravels and boulders deposited up to 100 m from the 120 shore and surrounded by dense grass cover ( Fig. 3 c,d) . Based on the inspection of videos taken during the event we correlated their location with the deposition of icebergs. In comparison with other Greenlandic coastal zones transformed by a tsunami e.g. Paatuut 2000 tsunami (Buchwał et al., 2015) the thickness, extent, and diversity of tsunami deposits found in Nuugaatsiaq was much smaller. 
Building damages
We counted the damage of 26 buildings. 15 of them were fully swept away from land, 11 partly broken and moved between 2 m to over 100 m from original location ( Fig.4) . Most of the buildings were constructed on a wooden frame, covered with wooden boards and settled on point foundations. Only a few of the settlement 130 buildings were built on a metal frame coated with corrugated metal sheet settled on a concrete frame foundation.
The first type of building (with point foundations) were not strong enough to resist the wave impact and were pushed by the tsunami or in some cases washed away to the fjord (Fig. 5 a,c).
In those buildings which were not moved but still affected by the wave, we observed some damage of their wooden lining, as well as a deposition of marine sediments and litter in the ground floor area. The typical 135 damages observed in buildings which were pushed by the tsunami but remained on land were: broken windows and doors, devastated interior. In contrast to buildings with point foundations, much smaller damages were observed in buildings with concrete frame foundations. These, due to a more stable anchoring in the ground, gave a much higher resistance to the wave impact. The most common damages included broken walls, bowed and twisted metal construction frames ( Fig. 5b, d ). It should be considered extremely fortunate that the fuel tanks 140 situated at the power plant (which were one of the first parts of infrastructure hit by tsunami) were not destroyed and no leakage of petrol was reported ( Fig. 5b ).
Remaining waste & material
From the perspective of environmental protection, the remaining material and waste in the settlement area still 145 constitute a serious hazard. Despite the considerable effort from the local government to secure the site through reinforcement of damaged constructions, pumping fuel out of tanks, the removal of batteries and engines from machines and vehicles, we mapped significant amounts of waste ( Fig. 5 ).
We found broken pieces of electronic equipment, ammunition, rotting food supplies, bags with faecal matter, sledge dog carcasses, and other municipal waste which had not been disposed from the settlement before the 150 event. Knowing that plastic waste is a serious problem of Arctic coastal environments we paid particular attention to recording sites with a large accumulation of this type of material. In Nuugaatsiaq plastic litter is widespread not only along narrow beaches (already mixed with beach sediments), but also spread across the inundated zone of the settlement, and subject to further transport by strong winds (Fig. 5 ). After the evacuation of Nuugaatsiaq the disposal of waste and better securing of damaged infrastructure at the site is hindered by the existing high 155 risk of another tsunamigenic landslide in Karrat Fjord.
Assessment of social, economic and environmental impacts of tsunami in Nuugaatsiaq.
The Karrat fjord tsunami, which hit Nuugaatsiaq settlement in 2017, was the first event which had such a and remote areas. The Paatuut tsunami (2000) damaged an already abandoned settlement of Qullissat. Therefore, this is the first time an assessment of social and economic effects of a tsunami in this region was possible to undertake (Table 1) .
165
Arctic coastal communities threatened by tsunamis -rising risk and rising awareness
One of the most evident effects of Arctic climate warming is the increased operation of geohazard processes along the circumarctic coasts (e.g. Fritz et al., 2017) . The majority of these processes pose a significant threat to Arctic coastal communities and man-made infrastructure (e.g. Forbes et al., 2010; Radosavljevic et al., 2016; Jaskólski et al., 2018) . Although beyond the scope of this pilot study, here it is important to mention another type of extreme phenomena 185 impacting Greenlandic coastal zone -waves triggered by iceberg-roll events that are powerful enough to erode local beaches and wash away coastal infrastructure (Long et al., 2018) . Calving of Greenlandic glaciers also produces extreme waves that are able to erode glacial landforms and lead to substantial degradation of coastal landscape (e.g. Lüthi and Vieli, 2016) . Earlier, even the scientific community did not really believe that such extreme events were possible, but with global warming and sea level rise, such landslides, glacier calvings and iceberg rolls are going to be far more 190 common. Despite the potential significance of these changes, relatively little is known of extreme processes that control Arctic coastal environments or how they might change in the future.
Conclusions
Based on the observations we have drawn the following conclusions:
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• The Karrat Fjord event is the first known example of Arctic tsunami which directly impacted an Arctic community and destroyed an inhabited settlement;
• The scale of tsunami damages, including destruction of a majority of buildings and a high risk of another event, prevents the community to return to the settlement;
• Apart for housing facilities, 3 waves destroyed most public service buildings e.g. school, power plant, shopping 200 centre, administration centre, seafood processing plant;
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• Among the waste accumulations left in the area are: electronic equipment, rotting food supplies, faecal matter, sledge-dog carcass, as well as ammunition and a lot of municipal waste, including a large quantity plastic. Most of the waste is completely unprotected and exposed to weather conditions and wildlife;
• The geomorphological effects of tsunami were less pronounced than in previously described examples of Arctic 205 tsunami impacts (Lituya 1958 , Paatuut 2000 , Taan 2015 which can be explained by the local coastal morphology and geology (rock dominated coasts with small beaches) and relatively low waves heights (1-1.5 m);
• Mapped tsunami deposits included gravel-dominated beach sediments, boulders and material which melt out from fragments of ice-bergs stranded on land;
• Two years after the event the effects of tsunami erosion was still detectable on the surface of local roads and 
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Newspaper article Nuugaatsiaq tsunami: https://knrgl/da/nyheder/39-evakueret-fra-nuugaatsiaq , last access: 08 November 2019.
Newspaper article Nuugaatsiaq tsunami: https://knrgl/da/nyheder/fjeldskred-i-karrat-isfjorden-skyld-i-flodb%C3%B8lge , last access: 08 November 2019.
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Recon trip report https://cegatechedu/news/after-recon-trip-researchers-say-greenland-tsunami-june-reached-300-feethigh , last access: 08 November 2019.
Financial document -Forslag til TILLAEGSBEVILLINGSLOV for 2017, from 2018/8: • the need to allocate substitute accommodation and a one-off compensation payment of DKK 50,000
• impoverishment and loss of property (new premises are not given)
• at least 27 sites with destroyed community infrastructure
Future risk reduction actions in Arctic coastal communities
Earth science and remote sensing research community:
• mapping and detection of landslides and recently slopes exposed from glacier ice or with significant degradation of permafrost • mapping/re-mapping seabed topography of deglaciated fjords and embayments • monitoring of present-day slope processes (slope stability) • investigations of paleo-records of waves • design of databases with seismic, remote sensing, geophysical and sedimentological information of past and recent tsunamigenic landslides and associated waves
Local authorities:
• funding tsunami alert network • preparation of evacuation plans/delimitation of safe zones • consideration of tsunami and landslide hazard in spatial plans/documents • establishment of insurance procedures and securing financial reserves to cover post-event costs of relocation and reinstalment of communities in new locations https://doi.org/10.5194/nhess-2019-376 Preprint. Discussion started: 2 January 2020 c Author(s) 2020. CC BY 4.0 License.
